Plants interact with multiple organisms throughout their life cycle. As a result, they are commonly attacked by multiple species of herbivores, leading to the induction of plant defence systems. Herbivore-induced plant volatiles (HIPVs) play an important role in the interaction between community members and can be used to manipulate insect pest behaviour, being a valuable tool in integrated pest management strategy. In this study, the interaction of two chewing insects, the boll weevil, Anthonomus grandis, and the fall armyworm, Spodoptera frugiperda, and of one piercing-sucking insect, the Neotropical brown stinkbug, Euschistus heros, was evaluated for the induction of volatile compounds in cotton under single-and multiple-species attacks. As a control, the emissions of undamaged plants were also measured. In addition, the effect of HIPVs on boll weevil behaviour was also assessed. Qualitatively, single-and multiple-species herbivory induced a similar volatile blend. There was, however, a difference in the amount and proportion of compounds emitted. Plants infested with E. heros emitted a blend of volatiles more similar to that of the undamaged control compared to the other herbivore-induced treatments. The plant volatiles emitted due to simultaneous multiple-species herbivory were induced faster than volatiles emitted by sequential herbivory events, indicating different induction mechanisms depending on the attack configuration. In addition, cotton volatiles induced by an individual attack of A. grandis were attractive to conspecifics, as were the volatiles induced by multiple-species herbivory in both simultaneous and sequential attacks. The use of cotton HIPVs, both under multiple-and single-species attack, can be used for the development of alternative methods for semiochemical-based weevil management, e.g., enrichment of aggregation pheromone traps with plant volatiles.
Introduction
In agroecosystems and natural environments, plants are part of diverse, complex communities, interacting with numerous organisms both positively and negatively. Plants have therefore developed sophisticated defence strategies that allow them to respond to attacks from herbivores and pathogens Communicated by I. Hiltpold. in a specific way (Dicke et al. 2009; Thaler et al. 2012; Stam et al. 2014) . Volatiles emitted by plants, as defence mechanisms, can directly repel or intoxicate herbivores (direct defence) or attract natural enemies (indirect defence) (Dudareva et al. 2006) . One of the most studied forms of chemical defence is the emission of herbivore-induced plant volatiles (HIPVs). HIPVs are highly diverse and are involved in important ecological interactions including insect-plant, pathogen-plant, insect-pathogen-plant and plant-plant interactions (Dicke et al. 2009; Ponzio et al. 2013) . When herbivores feed on plants, their oral secretions and the damage itself provide the initial signal that elicits the release of HIPVs from the site of injury (Paré and Tumlinson 1997) . However, the emission of these chemicals is not restricted to the site of injury; systemic responses can also be expressed (Turlings and Tumlinson 1992; Röse et al. 1996; Röse and Tumlinson 2005) .
HIPVs primarily comprise terpenoids and fatty acid derivatives, mostly green leaf volatiles (GLVs) (Arimura et al. 2009 ). GLVs are usually released soon after herbivoreinflicted injury, while terpenoids are released a few hours after infestation due to the de novo synthesis of many compounds (Paré and Tumlinson 1997; Dudareva et al. 2006) . One of the multiple functions of HIPVs is to defend plants against herbivores, either through toxic, repellent or deterrent properties, or by attracting the natural enemies of the attacking herbivores (Dudareva et al. 2006) . Plants response depends on the level of induction and their indirect defence on the abilities of the natural enemies to discriminate the emitted odours. These responses can be considered adaptive since they lead to reduced herbivore density (Dicke 1995) .
Most studies on HIPVs emission have focused on the effects of these volatiles on the behaviour of the third trophic level, showing a positive effect for the plant by attracting the herbivore's natural enemies (Turlings et al. 1990; de Moraes et al. 1998; Moraes et al. 2011; Michereff et al. 2013) . Increased volatiles production due to herbivore damage can, however, distinguish plants from neighbours, introducing risk since herbivores also use these compounds for food localization (Dudareva et al. 2006; Szendrei et al. 2009; Addesso et al. 2011; Magalhães et al. 2012; Silva et al. 2015) .
Herbivore damage type is another factor that directly influences the composition of HIPVs. Plants present two major response channels regulated by the phytohormones jasmonate and salicylate, which are involved in the foremost defence system against attackers (Thaler et al. 2002) . The jasmonic acid (JA) pathway is especially activated in response to chewingbiting herbivores, while the salicylic acid (SA) pathway is turned on when plants are attacked by piercing-sucking herbivores (Bostock et al. 2001 ). Many studies have investigated HIPVs emissions in a single insect-plant system, oversimplifying the trophic interactions mediated by plant volatiles. In nature, plants interact with multiple organisms simultaneously both above and belowground (Rasmann and Turlings 2007; Soler et al. 2012 ). In the context of a multiple-species attack, especially in the case of insects from different feeding guilds, plants can prioritize one metabolic pathway over another, influencing the expression of the defence (Ponzio et al. 2013) . Therefore, the order of herbivore attack is important, because the first attackers may trigger a plant response, which in turn may compromise its defence against the second attacker (Bruinsma and Poelman et al. 2008 ). Multiple-species attack then induces phenotypic changes that increase the complexity of these systems. The effect of multiple-species attack is difficult to predict and can be extremely variable (Rodriguez-Saona et al. 2003; Ponzio et al. 2016) . In cotton, simultaneous herbivory inflicted by insects from different guilds usually causes an increase or decrease in the emission of some volatile compounds, compared to single-species damage. The general chemical profile is, however, quite similar in both situations (Rodriguez-Saona et al. 2003) .
In a previous study, it was found that cotton plants individually damaged by the Neotropical brown stinkbug Euschistus heros Fabricius (Hemiptera: Pentatomidae), the fall armyworm Spodoptera frugiperda JE Smith (Lepidoptera: Noctuidae) and the boll weevil Anthonomus grandis Boh. (Coleoptera: Curculionidae) presented different quantitative volatile profiles, even though no qualitative differences were observed (Magalhães et al. 2012) . Moreover, HIPVs from individual attacks of E. heros and S. frugiperda did not elicit movement towards these volatile sources in the boll weevil, which was only attracted by HIPVs from conspecifics attack (Magalhães et al. 2012; Silva et al. 2015) . The objective of this study was to investigate the effect of simultaneous and sequential multiple-species attack of E. heros, S. frugiperda and A. grandis in the cotton cultivar Delta Opal, comparing it to the individual induction profile of each of these insects. The effect of these volatiles on the chemotaxis of A. grandis was also evaluated. Specifically, it was aimed to evaluate whether (1) the volatile profile of cotton with single-species herbivory differs from that of multiple-species herbivory; and (2) HIPVs from the multiple-species attack attract the boll weevil in a Y-tube olfactometer. The evaluation of cotton HIPVs on A. grandis behaviour would facilitate the understanding of boll weevil-cotton plant interactions and the development of alternative methods for semiochemical-based weevil management, e.g., enrichment of aggregation pheromone traps with plant volatiles.
Materials and methods

Insect rearing
Anthonomus grandis were reared in plastic containers on an artificial diet (a mixture of agar, beer yeast, wheat germ, soy protein, glucose, ascorbic and sorbic acid, Nipagin flour from embryo cottonseed (Pharmamedia ® , Traders Protein, USA), Wesson salt mixture, Vanderzant's vitamin and water; Schmidt et al. 2001 ) under controlled conditions (25 ± 1 °C, 60 ± 10% RH, and 14:10 L:D). Newly moulted adults were sexed using the tergal-notch method (Sappington and Spurgeon 2000) , transferred to 250 mL plastic cages (15 insects/ cage) and fed with the artificial diet. Food and water were changed three times per week. To prevent interactions between sexes, males were kept in cages separated from females after the imaginal moult. Virgin 10-day-old male and female weevils were used in all experiments. Euschistus heros were reared in plastic containers as described by Silva et al. (2008) , on a diet of soybeans (Glycine max L.), sunflower seeds (Helianthus annuus L.), raw peanuts (Arachis hypogaea L.), fresh green beans (Phaseolus vulgaris L.), and water, maintained at 26 ± 1 °C and 65 ± 10% RH and under a photoperiod of 14:10 L/D. The food supply was renewed twice a week. To obtain virgin females, the insects were sexed after their imaginal moult and cuticle hardening. In the experiments, virgin 15-day-old females were used. Spodoptera frugiperda larvae were reared in plastic containers on an artificial diet based on beans (P. vulgaris), maintained at 26 ± 1 °C and 65 ± 10% RH and under a photoperiod of 14:10 L:D (Schmidt et al. 2001) . Third-instar larvae were used in the experiments.
Plants
Gossypium hirsutum L. (var. Delta Opal) were grown individually in 1.5-L pots filled with soil and an organic substrate (in a proportion of 1:1). Plants were grown in a greenhouse under controlled conditions (27 ± 1 °C and 14:10 L:D). Cotton plants used in the experiments were 12 weeks old at the reproductive stage (presence of squares).
Induced plant volatiles
Cotton plants were randomly assigned to the following treatments: undamaged control plants (UD), single-species herbivory and two multiple-species herbivory settings, one with simultaneous feeding damage and the other with sequential feeding damage. The single-species herbivory consisted of cotton damaged by two adult female A. grandis (AGD). Female boll weevils were used to avoid the production of pheromone, as only males produce it. In the simultaneous feeding treatment (MHD-Sim), two adult female A. grandis + two adult female E. heros + two third-instar S. frugiperda larvae were allowed to feed on the same plant at the same time. In the sequential feeding treatment (MHD-Seq) the same number of insects as in the previous treatment were added to the plant, but E. heros was released first; only after 72 h of feeding, the A. grandis and S. frugiperda larvae were added. Stinkbugs were placed first because previous studies showed that cotton and soybean plants take from 72 to 96 h to start the production of HIPVs in response to piercingsucking insects attack (Michereff et al. 2013; Magalhães et al. 2012) . Both chewing insects start the induction of volatiles in the first 24 h in cotton (Magalhães et al. 2012 ). All insects were starved for 24 h prior the experiment to stimulate immediate feeding. Data from E. heros (EHD) and S. frugiperda (SFD) single-species herbivory were obtained from previously experiments under similar conditions as described.
Air entrainment of plants
Cotton plants were placed individually in cylindrical glass chambers (internal volume 10 L). The plastic pots and soil were covered with aluminium foil to reduce collection of volatiles from these sources. Twelve independent chambers were run simultaneously. Charcoal-filtered air was pumped in at 1.0 L min −1 and drawn out at 0.6 L min −1 through an adsorbent, Porapak Q tube (60 mg, 80-100 mesh, Supelco, PA, USA), connected to the system via PTFE tubing. The difference in flow created a slight positive pressure to ensure that unfiltered air did not enter the system. Cotton plant volatiles were collected for 24 h over four consecutive days, and the adsorbent tubes were eluted with 0.5 mL of redistilled hexane. Volatile collections begin right after the last insect infestations in multiple-species herbivory treatment. As an internal standard (IS), 1 μL of 16-hexadecanolide (in distilled hexane) was added to the samples at a final concentration of 0.01 mg mL −1 . Six plants were entrained for each treatment. Samples were stored in vials at − 20 °C until use in experiments.
Gas chromatography analysis (GC)
Volatiles were analysed on an Agilent 7890-A equipped with a flame ionization detector (FID) and a non-polar DB-5MS column (60 m × 0.32 mm i.d., 0.25 µm film thickness, Supelco, PA, USA). The oven temperature was maintained at 50 °C for 2 min, programmed at 5 °C min −1 to 180 °C, held for 0.1 min, then 10 °C min −1 to 250 °C, and held for 20 min. The FID was at 270 °C and the injector at 250 °C. One microlitre of each sample was injected on a splitless injector, with helium as the carrier gas. Data were collected with GC Open Lab. A generalized linear model (GLM) and Deviance analysis with gamma distribution and inverse as link function were used to compare the individual compounds from different treatments at each sampling time and the total amount of released volatiles from different treatments along the sampling times. When the analyses showed significant effects of treatments, means were compared using contrast analyses. The statistical analyses were performed using R Statistical Software (Foundation for Statistical Computing). To evaluate the influence of all compounds in separating the treatments, principal component analysis (PCA) was applied to the multivariate data. PCA was performed using a correlation matrix and comparison between groups (treatments) for each sampling time (from 24 to 96 h) using Paleontological Statistics Software (PAST version 3.10).
Coupled gas chromatography-mass spectrometry (GC-MS)
Tentative identifications were performed on an Agilent 5975-MSD quadrupole mass spectrometer coupled to a GC-FID (Agilent-7890A) equipped with a DB-5MS column (30 m × 0.25 mm i.d., 0.25 µm film, Supelco, PA, USA), a splitless injector and helium as the carrier gas. Ionization was by electron impact (70 eV, source temperature at 200 °C). The injector was at 250 °C using the same temperature programme as in GC-FID analysis. Data were collected with ChemStation software. Tentative identifications were made by comparison of spectra with mass spectral library databases (NIST, 2008) and use of retention indices (RIs) and were confirmed by co-injection of the air entrainment sample with authentic standards. The retention indices were calculated by comparison to the retention times of a series of linear hydrocarbon alkanes (C 8 -C 24 ) analysed with the same separation method (Lucero et al. 2009 
Chemicals
Hexane for HPLC (≥ 97% redistilled), α-pinene (98%), camphene 90%, β-pinene (99%), β-myrcene (90%), (Z)-3-hexenyl acetate (98%), ocimene (90%) and methyl salicylate were purchased from Sigma-Aldrich (Steinheim, Germany). Linalool, α-humulene (96%), β-caryophyllene (80%) and limonene (97%) were purchased from TCI-America (Portland, USA). Geranylacetone (96%) was purchased from TCI (Tokyo, Japan). DMNT and TMTT were synthesized from geraniol and (E,E)-farnesol, respectively (Leopold 1990 ).
Olfactometer bioassays
Behavioural assays were performed using Y-tube olfactometry to determine the responses of 10-day-old adult male and female A. grandis to volatiles collected from undamaged cotton and cotton damaged by A. grandis, E. heros and S. frugiperda, 48 and 72 h after initiation of herbivory. The following combinations were used: undamaged cotton volatiles (UD) versus simultaneous multiple-herbivoredamaged cotton volatiles (MHD-Sim); UD versus sequential multiple-herbivore-damaged cotton volatiles (MHD-Seq); boll weevil-damaged cotton volatiles (AGD) versus MHDSim; and AGD versus MHD-Seq. Detailed construction of the olfactometer and bioassay procedures was described by Magalhães et al. (2012) . Filter papers containing 5 µL of air entrainment samples (equivalent to the volatiles released by one plant in ca. 1 h) were placed inside glass syringes connected to the arms of an olfactometer via silicone tubing. Charcoal-filtered, humidified air was pumped in at 0.6 L min −1 and drawn out at 0.2 L min −1 . Weevils were starved for 24 h prior to bioassays, and a single boll weevil was introduced at the base of the Y-tube olfactometer. The weevils were observed for 10 min and the first choice and residence time (the time spent in an arm) were noted. Each weevil was used only once, and the filter paper was replaced after five replicates. Both sexes were assayed until a total of 40 males and 40 females had responded (positive chemotaxis). After five repetitions, the Y-tube olfactometer and the side on which the treatment was presented was swapped to avoid any positional bias. Data analysis of the first choice of the boll weevil was performed by logistic regression and Wald's Chi-square test to assess significance (R Statistical Software). Residence time in treatment and control arms was analysed by paired t test (R Statistical Software).
Results
Air entrainment analysis
Chemical analyses of the air entrainment samples revealed no qualitative differences among treatments over time. Compounds identified by GC-MS, using RI comparison with authentic standards, included α-pinene (RI = 938), camphene (RI = 954), β-pinene (RI = 981), β-myrcene (RI = 990), (Z)-3-hexenyl acetate (RI = 1005), limonene (RI = 1033), (E)-ocimene (RI = 1050), linalool (RI = 1104), DMNT (RI = 1114), methyl salicylate (RI = 1193), β-caryophyllene (RI = 1424), geranylacetone (RI = 1449), α-humulene (RI = 1461), δ-guaiene (RI = 1504), δ-cadinene (RI = 1520) and TMTT (RI = 1575). δ-Guaiene and δ-cadinene were tentatively identified by comparison of spectra and RIs, as no authentic standards were available. The total amount of volatile organic compounds (VOCs) produced by cotton plants differed among treatments (ANODEV χ 2 = 420.95, df = 5, P < 0.001), with sampling time (ANODEV χ 2 = 4.82, df = 3, P = 0.03), and in the interaction between treatment and time (ANODEV χ 2 = 22.07, df = 5, P < 0.001).
The most VOCs were released when plants were damaged by herbivores (Fig. 1) . In the first 24 h of air entrainment, EHD plants were not induced to release volatiles, emitting the same amount as UD plants (ANODEV χ 2 = 181.40, df = 5, P > 0.001). At 48 h, all herbivore-damaged plants were induced, especially MHD-Sim plants, which had the highest volatile emission (ANODEV χ 2 = 91.94, df = 5, P < 0.001). At 72 h, AGD, SFD and MHD-Sim plants released the greatest amount of total volatiles (ANODEV χ 2 = 91.96, df = 5, P < 0.001). At 96 h, all herbivore-damaged plants produced similar amount of volatiles, and levels were still higher than in UD plants (ANODEV χ 2 = 91.94, df = 5, P < 0.001) (Fig. 1) .
PCA showed different patterns of treatment grouping for cotton-emitted volatiles over four days of sampling (Fig. 2) . At 24 h, the first two PCA components explained 50% of total variance, in which the treatment MHD-Seq was separated from the others. At 48 h, the same components accounted for 47% of total variation, forming two distinct groups, namely MHD-Seq and MHD-Sim. The other four treatments did not differ from each other, forming an unseparated group. At 72 h, the first two PCA components did not Fig. 1 Amounts (mean ± SE) of total volatile organic compounds (VOCs) from undamaged cotton (UD), Euschistus heros-damaged cotton (EHD), Anthonomus grandis-damaged cotton (AGD), Spodoptera frugiperda-damaged cotton (SFD), simultaneous multiplespecies herbivore-damaged cotton (MHD-Sim) and sequential multiple-species herbivore-damaged cotton (MHD-Seq). In MHD-Seq, E. heros was released first; only after 72 h of feeding, the A. grandis and S. frugiperda larvae were added. The multiple-species treatments comprised the same species as from the single herbivory treatments. Means with the same letter within a given time that plants were sampled (24, 48, 72 or 96 h after treatment began) are not different (P > 0.05) by ANODEV and mean comparisons by contrast analyses explain all the variation, but they did explain approximately 53% of the total variation. At this sampling time, three different groups were formed: (i) UD + EHD, (ii) AGD + SFD and (iii) MHD-Seq + MHD-Sim (Fig. 2) . Finally, at 96 h, the two components accounted for 48% of total variation, showing the herbivore-damaged treatments all together, but EHD was closer to UD plants. Differences in cotton volatiles production were observed over time, especially for the herbivore-damaged plants, as demonstrated by changes in the position of PCA scores in the coordinate axes in the diagram.
The total amount of monoterpenes was not different between UD and EHD plants, but plants submitted to these two treatments released lower amounts of monoterpenes than the other treatments (ANODEV χ 2 = 293.33, df = 5, P < 0.001) (Fig. 3a) . UD and EHD plants emitted a mean (± standard error) of 48.4 ± 11.5 and 71.8 ± 17.3 ng/24 h, respectively, of (E)-ocimene over four days, whereas AGD, SFD, MHD-Seq and MHD-Sim released a mean of 1361.2 ± 241.7, 546.5 ± 163.1, 358.1 ± 77.4 and 551.2 ± 157.1 ng/24 h, respectively (Tables 1, 2, 3, 4) . The monoterpene limonene appears be related to the multipleherbivore-damaged treatments, being emitted at a mean of 145.8 ± 15.1 ng/24 h by MHD-Sim and 263.8 ± 69.6 ng/24 h by MHD-Seq. The other treatments released an average below 80.0 ng/24 h, except for AGD plants, whose production increased from 72 h onward (Tables 1, 2, 3, 4) . Linalool had similar behaviour; multiple-herbivore damage appeared to be responsible for higher emission: MHDSim and MHD-Seq released a mean of 476.0 ± 97.7 and 190.1 ± 34.7 ng/24 h, whereas the other treatments showed mean release below 50.0 ng/24 h (Tables 1, 2, 3, 4) .
Sesquiterpene production was higher in AGD and SFD plants than other treatments (ANODEV χ 2 = 251, df = 5, P < 0.001) (Fig. 3b) , especially for β-caryophyllene and α-humulene. AGD and SFD released a mean of 489.7 ± 89.2 and 408.5 ± 89.4 ng/24 h of β-caryophyllene and 215.0 ± 50.9 and 278.5 ± 69.6 ng/24 h of α-humulene, (Tables 1, 2 , 3, 4) . At 72 h, the vectors representative of these compounds in the PCA diagram were responsible for the separation of AGD and SFD from the other treatments (Fig. 2) . The total amount of homoterpenes was different among treatments (ANODEV χ 2 = 85.83, df = 5, P < 0.001) and most herbivore-damaged treatments induced higher amounts than UD plants, mainly from 48 h onward (Fig. 3c) . SFD (1446.5 ± 328.9 ng/24 h) and MHDSim (2159.5 ± 437.9 ng/24 h) emitted more DMNT than the others, which released a mean below 500.0 ng/24 h (Tables 1, 2, 3, 4) . The multiple-herbivore-damaged plants produced higher amounts of esters with great variability over time (ANODEV χ 2 = 81.07, df = 5, P < 0.001) (Fig. 3d) . In addition, in the ketone group (geranylacetone) higher emission was obtained at 96 h for SFD and MHDSeq (ANODEV χ 2 = 46.74, df = 5, P < 0.001) (Fig. 3e) . The relative composition of volatile classes differed among treatments, but the monoterpenes and homoterpenes were the dominant groups (Fig. 4) . These differences show that cotton has specific responses depending on the attacking herbivore and its interactions with other organisms.
Bioassays
Bioassays were performed using samples from air entrainment at 48 and 72 h because major differences in total volatile emissions between treatments were observed at these sampling times. In the Y-tube olfactometer, male A. grandis preferred VOCs released by cotton damaged by conspecifics (AGD), for either 48 h (χ 2 = 7.49, df = 1, P = 0.006) or 72 h (χ 2 = 4.69, df = 1, P = 0.03), compared to VOCs from the UD control (Fig. 5a ). Even when cotton was damaged by multiple species, male A. grandis preferred the herbivore-induced volatiles over constitutive VOCs (MHD-Sim: 48 h χ 2 = 4.69, df = 1, P = 0.03 and 72 h χ 2 = 4.69, df = 1, P = 0.03; MHD-Seq: 48 h χ 2 = 4.69, df = 1, P = 0.03 and 72 h χ 2 = 6.03, df = 1, P = 0.014) (Fig. 5a ). Female A. grandis showed the same response pattern, preferring VOCs from AGD cotton, at both 48 h (χ 2 = 4.69, df = 1, P = 0.03) and 72 h (χ 2 = 6.03, df = 1, P = 0.014) and multiple-herbivore-damaged cotton (MHD-Sim: 48 h χ 2 = 4.70, df = 1, P = 0.03 and 72 h χ 2 = 4.69, df = 1, P = 0.03; MHD-Seq: 48 h χ 2 = 4.69, df = 1, P = 0.03 and 72 h χ 2 = 6.03, df = 1, P = 0.014) over UD plants (Fig. 5b) . When volatiles from MHD-Sim or MHD-Seq were compared to volatiles from AGD, at both 48 and 72 h, female weevils did not show any preference (P > 0.05) (Fig. 5b) .
Male and female A. grandis spent more time in the olfactometer arm containing VOCs from AGD at either 48 h (males t = 3.187, df = 1, P = 0.002; females t = 2.911, df = 1, P = 0.004) or 72 h (males t = 3.146, df = 1, P = 0.002; females t = 2.911, df = 1, P = 0.004) (Fig. 6) . Similar results were obtained for residence time when multiple-herbivoredamaged treatments were compared to the control: male and female A. grandis spent more time in the arm containing VOCs of MHD-Sim at 48 h (males t = 2.887, df = 1, P = 0.005; females t = 2.105, df = 1, P = 0.004) and 72 h (males t = 3.635, df = 1, P < 0.01; females t = 2.329, df = 1, P = 0.025), and MHD-Seq at 48 h (males t = 3.282, df = 1, P = 0.001; females t = 3.818, df = 1, P < 0.01) and 72 h (males t = 3.146, df = 1, P = 0.002; females t = 2.255, df = 1, P = 0.029) (Fig. 6) . Finally, there was no difference in the residence time when volatiles from MHD-Sim or MHD-Seq were compared to volatiles from AGD, at both 48 and 72 h (P > 0.05) (Fig. 6 ).
Discussion
Previously, it was demonstrated that cotton plants responded differently under single-species herbivory by A. grandis, S. frugiperda and E. heros and this specific response influenced boll weevil's attraction towards cotton volatiles, being attracted only when cotton was attacked by conspecifics (Magalhães et al. 2012) . In this study, the emission of volatiles was evaluated in cotton plants under multiple-species herbivory (simultaneous or sequential attack) by A. grandis, E. heros and S. frugiperda and to single-species herbivory (A. grandis) and the boll weevil's attraction to cotton plant volatiles subjected to multi-species herbivory was also evaluated. The herbivory damage caused by multiple attackers induced the emission of 16 major volatile compounds, which were also emitted when cotton was individually damaged by each of the evaluated species (Magalhães et al. 2012) . The chemical profile of volatiles obtained in simultaneous (three species placed at the same time) and sequential attack (three species placed at different moments) resulted in the same qualitative pattern. There was, however, a difference in the amount and proportion of the compounds emitted. In addition, cotton VOCs induced by A. grandis' individual attack were attractive to conspecifics, as were the volatiles induced by the multiple-species herbivory in both simultaneous and sequential attacks. In agroecosystems, it is common to find crops attacked simultaneously by different herbivores, including herbivores from different food guilds (chewing or piercing-sucking, for example). This interaction between organisms with different feeding modes sharing the same resource, i.e., the plant, can lead to modifications in the composition of volatiles emitted in response to herbivory (Rodriguez-Saona et al. 2003; Pierre et al. 2011) . The volatile profile induced by E. heros damage (EHD) was similar to that of control plants (UD), especially when comparing the total amount of volatile per compound classes. As observed in the PCA, EHD and UD treatments were grouped together for sampling times of 72 and 96 h. In addition, multiple-and single-species attacks with chewing insects produced higher amounts of volatiles than single-species attack by E. heros. These results show that the type of injury directly affects the production of VOCs. Piercing-sucking insects tend to induce milder reactions than chewing insects, which cause more severe injuries due to the destruction of plant tissue Rodriguez-Saona et al. 2003; Delphia et al. 2007 ). This was also true for Nicotiana attenauata Torr. ex S. Watson (Solanales: Solanaceae) when damaged by Frankliniella occidentalis (Pegrande) (Thysanoptera: Thripidae) and Heliothis virescens (Fabricius) (Lepidoptera: Noctuidae) (Delphia et al. 2007 ). The induction in response to the herbivory of thrips (piercing-sucking) led to the emission of two compounds only, while multiple-species herbivory (thrips + caterpillars) promoted the release of a different qualitative and quantitative chemical profile of VOCs.
As expected, the multiple-species and single-species treatments with chewing insects emitted the highest amounts of volatiles. Even in the MHD-Seq (E. heros placed first and allowed to feed on the plant for 72 h, followed by chewing insects, initiating the collection of volatiles), the amount of volatiles emitted was not different from that found in treatments with single A. grandis and S. frugiperda, for most sampling times. This result suggests that cotton plant response to herbivory from chewing insect is not immediate yet happens after a certain period of time, when previously induced by piercing-sucking insects (compared to MHDSim, for example). The main compound that appears to be involved in multiple-species attack is linalool. Notably, its production was not affected by single-species herbivory Table 3 Mean ± SEM of total amount (ng/24 h) of volatiles from undamaged (UD), Euschistus heros-damaged (EHD), Anthonomus grandis-damaged (AGD), Spodoptera frugiperda-damaged (SFD), simultaneous (MHD-Sim) and sequential (MHD-Seq) multiple-species herbivore-damaged cotton at 72 h Means within a row followed by the same letter are not significantly different (P > 0.05)
The multiple-species treatments comprised of the same species from the single herbivory treatments *Tentatively identified compound a Retention index compared to the control. However, the emission of both limonene and linalool was higher in the multiple-species treatment than the sum of the tree single-species treatment together. Their increase suggests that the induction of these two compounds had a synergistic effect in response to multiple-species herbivory. On the other hand, the emission of (E)-ocimene decreased in comparison to A. grandis damage (AGD), resulting in a metabolic volatile profile different from the other treatments in terms of proportion. Linalool and (E)-ocimene are biosynthesized de novo in response to insect damage and have an important role in the attraction of natural enemies of Lepidoptera pests (Paré and Tumlinson 1997; Röse et al. 1998; Röse and Tumlinson 2005) ; meanwhile, limonene, along with other compounds, has been described as attractive to the boll weevil .
It is well known that chewing insects tend to induce the JA pathway, while piercing-sucking herbivores induce the SA pathway (Bostock et al. 2001 ). Thus, specificity in plant response is an important adaptive strategy because throughout its life cycle, plants are subject to attack by multiple herbivores. Such attacks can provide a metabolic crosstalk, in which the induction of one pathway can act Table 4 Mean ± SEM of total amount (ng/24 h) of volatiles from undamaged (UD), Euschistus heros-damaged (EHD), Anthonomus grandis-damaged (AGD), Spodoptera frugiperda-damaged (SFD), simultaneous (MHD-Sim) and sequential (MHD-Seq) multiple-species herbivore-damaged cotton at 96 h Means within a row followed by the same letter are not significantly different (P > 0.05)
The multiple-species treatments comprised of the same species from the single herbivory treatments antagonistically or synergistically on the other (Schenk et al. 2000; van Wees et al. 2000; Thaler et al. 2002) . However, this is an oversimplified view of crosstalk since other phytohormones such as ethylene can influence the function of this mechanism (Thaler et al. 2012) . Moreover, the interaction between piercing-sucking and chewing organisms in multiple-species treatments did not cause a reduction in the total amount of volatiles emitted, as previously observed in cotton that suffered the simultaneous attack of Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae) and the caterpillar Spodoptera exigua Hubner (Lepidopera: Noctuidae) (Rodriguez-Saona et al. 2003) . In this study, herbivory from piercing-sucking and chewing insects in cotton plants induced the same classes of volatiles, most related to the JA pathway; only methyl salicylate was related to the SA pathway. Thus, the endogenous amount of JA may be greater than that of SA, even in treatments with damage due to E. heros. It would be interesting to measure the endogenous levels of JA and SA in plants subjected to the different treatments, because these phytohormones can synergistically or antagonistically affect the biosynthesis of defensive compounds, leading to changes in herbivore-induced volatiles. In Phaseolus lunatus L. (Fabales: Fabaceae) the joined herbivory of the spider mite Tetranychus urticae Koch (Trombidiformes: Tetranychidae) and the caterpillar S. exigua also had a synergistic effect on the production of volatiles, but when Cucumis sativus L. (Curcubitales: Curcubitaceae) was attacked by the same pair of herbivores, the emission of two compounds was reduced compared to the single-species treatments, suggesting an antagonistic effect on induction (De Boer et al. 2008) .
The changes observed in compound production in this study do not appear to be relevant for A. grandis, as it was attracted both to AGD and multiple-herbivore damage plants. In all bioassays, first choice responses coincided with residence time responses showing that the weevils besides being attracted were also retained in treated areas. When volatiles from AGD plants and multiple-herbivore-damaged plants were compared, the weevils had no preference. In a previous study, the boll weevil did not respond (positive chemotaxis) to volatiles from cotton plants herbivory damaged by E. heros or S. frugiperda, (Magalhães et al. 2012) . However, volatiles induced by conspecifics were highly attractive and were preferred over constitutive cotton volatiles (Magalhães et al. 2012; Silva et al. 2015) . Therefore, A. grandis appears to recognize the presence of conspecifics and heterospecifics in the plant, and this configuration is important for regulating its attraction. The positive response of A. grandis to treatments with multiple species presupposes that the presence of conspecifics provides relevant information for its attraction, since in the single herbivory treatments with heterospecifics the boll weevil was not attracted. The qualitative similarity between the volatile profiles in the different treatments suggests that the proportion and quantity of the HIPVs could be crucial to the boll weevil to recognize the attack configuration in cotton plants.
The emission of plant herbivore-induced volatiles can be used as an olfactory cue to locate host plants with shorter search times and, consequently, lower energy costs (Kalberer et al. 2001; Stamps and Krishnan 2005) . Insects that can recognize and discriminate plants infested by conspecifics may improve their fitness by locating sexual partners and oviposition sites more efficiently (Loughrin et al. 1996) . Moreover, from the interpretation of these chemical tracks, induced volatiles can alter the recruitment of new herbivores by providing information on the intensity of herbivory on the host ). However, especially for herbivores with ephemeral hosts, odours that are more detectable can be prioritized over food quality (Stamps and Krishnan 2005) . It is important to emphasize, however, that the primacy shown to conspecific and conspecific + heterospecific herbivore-induced volatiles by A. grandis may simply be a mechanism for host location, meaning that the weevils do not necessarily feed on host tissues of damaged plants. Long-distance orientation for host location is primarily related to olfactory sensory stimuli; no contact is required. To establish a feeding site, other stimuli are necessary (e.g., gustatory and tactile) to evaluate the nutritional quality of the plant (Schoonhoven et al. 2005) . In addition to the effect on herbivores, HIPVs can be used as foraging cues for other insects, including natural enemies. The influence of volatiles emitted in response to single-and multiple-species attack on natural enemies' behaviour was not evaluated. However, there are examples in the literature that show that multiplespecies attack directly affects the behaviour of these organisms (Dicke et al. 2009; de Rijk et al. 2013; Chabaane et al. 2015; Ponzio et al. 2016) .
The effect of coevolution processes on insects and plants is an arms race between the two groups. Plants use herbivore-induced volatiles as a defence mechanism. Thus, being attracted by a host induced to release such substances implies meeting a source of possible competitors and a high risk of influx of natural enemies (Heil 2008) . Consequently, it is difficult to predict the behaviour of insects related to VOCs and HIPVs emitted by plants. Insect biology itself determines when it will be attracted or avoid herbivore-induced volatiles. For the boll weevil, behavioural aspects such as the gregarious habit may influence its final choice. This gregarious behaviour can be explained by the production of the aggregation pheromone, which attracts both males and females (Tumlinson et al. 1969) . However, in addition to the aggregation pheromone, HIPVs may also have an aggregation function, as observed for Popilia japonica Newman (Coleoptera: Sacarabaeidae) (Loughrin et al. 1995) . Thus, cues indicative of the presence of conspecifics increase the probability of finding sexual partners and feeding and oviposition sites.
Different patterns of plant response (emission of different amounts and proportions of compounds) to each herbivore treatment indicate that plants can distinguish aggressors and respond in a specific way for each situation (Heil 2008) . Therefore, the response of plants to a single-species attack may not reflect how they will behave under the attack of multiple insects (Dicke et al. 2009 ). Studies that consider greater complexity in the interactions between multiple arthropods associated with a certain plant, as well as studies involving single-versus multiple-species attack, are important for understanding the evolution of the mechanisms of induced defence and multitrophic interactions among insects and plants because they provide important information for the development of tools for integrated pest management (IPM) strategy. A key issue for the understanding of insect and plant interactions mediated by VOCs is to determine which are the biologically relevant compounds for host plant location, within a complex blend of volatiles. Finding the active compounds is an extremely important step for the use of plant VOCs in IPM strategies (Collatz and Dorn 2013) . We are currently working on the identification of the compounds responsible for boll weevil's attraction towards cotton HIPVs for the development of alternative methods for semiochemical-based weevil management, e.g., enrichment of aggregation pheromone traps with plant volatiles and/or push-pull strategy (Lamy et al. 2017 ).
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